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ABSTRACT  1 
Sediment cores (ca. 6 m) from an estuarine environment gave insights into the composition 2 
and preservation of recalcitrant organic carbon (OC) in the environment. The coring locations 3 
provided organic matter (OM) of terrestrial and of marine origins. Our study specifically 4 
focused on the humin (HU); the OM fraction that is most difficult to isolate and to 5 
characterise. HU fractions were compared with the total OM recovered after removal of the 6 
associated mineral colloids.       7 
Solid state and multiphase (nuclear magnetic resonance) NMR experiments were 8 
carried out on dried and swollen samples to obtain comparative information about the whole 9 
and the fractionated samples. The total OM associated with the clay-sized fraction provided a 10 
standard that allowed differences between the fractions to be observed.  11 
The NMR data have provided new insights into the molecular structures that become 12 
part of the long term C sink in sediments. The recalcitrant OC in the sediments is composed 13 
mainly of aliphatic hydrocarbon material that may be protected from, or otherwise 14 
unavailable for degradation. Microbial peptides and carbohydrates were also shown to be 15 
important contributors to the C sink and these biomolecules may be from living or preserved 16 
necromass. Lignin residues formed only a small part of the OM in the surface sediments but 17 
made a larger contribution at depth. Highly ordered components in HU (that resists swelling 18 
by dimethylsulphoxide, DMSO) play a major role in C sequestration.  19 
1. Introduction 20 
Microbial degradation of organic matter (OM) releases energy-rich (carbohydrates, peptides, 21 
lipids) compounds for microbial metabolism and essential elements (C, H, N, O, P, S) 22 
required for the proliferation of both micro-organisms and plants. However, some biological 23 
compounds have a degree of resistance to degradation, and can be preserved in the geosphere 24 
for thousands of years (Prentice and Webb, 2010). Our investigation sought to identify the 25 
composition of the recalcitrant humin structures that are part of the sedimentary C sink. 26 
 Humic substances (HSs), the major components of the OM in soils and in some 27 
sediments, have been studied for centuries in order to understand their contributions to soil 28 
fertility and to environmental processes and reactions. In the classical concepts, HSs are 29 
composed of three operationally defined fractions: (i), humic acids (HAs); (ii), fulvic acids 30 
(FAs); and (iii), humin (HU). HU is not soluble in aqueous solvents at any pH value. Several 31 
procedures have been described for studies of soil HU, including ultrasonic disruption 32 
(Almendros et al., 1996), partitioning procedures (Rice and MacCarthy, 1989; Almendros et 33 
al., 1996), exhaustive extraction with NaOH followed by dissolution of the silicate minerals 34 
with HF (Wang and Xing, 2005), and extraction with organic solvents (Hayes, 2006; Song et 35 
al. 2011; Chang et al., 2014; Mylotte et al., 2014).  36 
The sediment coring location was chosen due to its geographical location; it is in 37 
proximity to the main land of Ireland, and the aquatic environment is described as brackish. 38 
Inputs from terrestrial, lacustrine, and marine sources were anticipated. The depth of the 39 
sediment cores below the sea floor (Table 1) allows assessments of changes to the organic 40 
materials that have taken place over time. The OM from the oldest sediments would be 41 
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expected to represent the most recalcitrant components. Two cores at different locations (Fig. 42 
1, Table 1) were studied in order to observe OM compositional differences.  43 
The OM in the clay-sized fraction that was not extracted with aqueous-alkaline or 44 
with organic solvents (e.g. clay and the demineralised clay sized fraction) is representative of 45 
the compositions of the entire sedimentary OM in association with the clay. The residue that 46 
remained following both the aqueous and the organic solvent extractions (e.g. soluble and 47 
insoluble HU) is representative of components that were selectively preserved. Modes of 48 
protection could include physical protection (e.g. material inside dormant/dead microbes or in 49 
associations with minerals (Plaza et al., 2013)), or the recalcitrance of the materials 50 
themselves (e.g. plant cuticles). The effect of the extraction solvent on the OC was also 51 
investigated by comparing the spectra of the OM from the clay-sized fractions with those for 52 
the HU.  53 
 Our study has used standard and novel (nuclear magnetic resonance) NMR 54 
procedures in order to gain a more comprehensive awareness of the compositions of 55 
sedimentary OM. A brief review is given below of the level of information that the NMR 56 
systems used can provide about the heterogeneous organic components in the sediments 57 
studied. 58 
1.1. NMR spectroscopy     59 
The high C content of HU allows comprehensive NMR experiments to be carried out and 60 
acceptable signal-to-noise (S/N) to be achieved in a reasonable amount of time. Solid-state 61 
1D NMR was used in combination with comprehensive multiphase (CMP) 1D and 2D NMR 62 
experiments.  63 
CMP-NMR technology introduced in 2012 (Courtier-Murias et al., 2012) can carry 64 
out a full range of experiments with solid, solution, and gel phases, similar to high resolution 65 
magic angle spinning (HR-MAS) NMR. A CMP probe differs from HR-MAS probes because 66 
it can carry out solid phase experiments as it is fitted with high power electronics. 67 
 Numerous components and subtle interactions between components could be missed 68 
in the 1D experiments (Courtier-Murias et al., 2012). Therefore, three different 2D NMR 69 
experiments (one heteronuclear (
1
H-
13
C) and two homonuclear (
1
H-
1
H)) were run on a HU 70 
sample. Nuclear Overhauser effect spectroscopy (NOESY) is a through space correlation 71 
experiment that enables the study of structures and conformations of complex materials such 72 
as HSs (Simpson, 2001). Total correlation spectroscopy (TOCSY) is a 
1
H-
1
H NMR approach 73 
that studies through bond interaction within a spin system. Heteronuclear single quantum 74 
coherence (HSQC) spectroscopy provides one bond 
1
H-
13
C connectivity information and 75 
reduces spectral overlap due to the additional dispersion afforded by the 
13
C dimension 76 
(Simpson et al., 2011).          77 
 Samples were studied both in the dried state and in the swollen state (DMSO-d6). By 78 
combining various CMP-NMR techniques for the swollen state, it is possible to differentiate 79 
components based on their approximate physical state. This includes: (i), the most soluble 80 
compounds that show unrestricted diffusion; (ii), compounds with restricted diffusion 81 
(including swollen biopolymers and gel-like material); (iii), ‘swellable’ solids (e.g. rigid 82 
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gels); and (iv), intact rigid solids that do not interact with the solvent. The use of CMP-NMR 83 
allows experiments to be carried out directly on intact samples, and prior extraction is not 84 
required. DMSO-d6 is an excellent swelling solvent as it is capable of breaking hydrogen 85 
bonds and penetrating both polar and hydrophobic domains; it swells the majority of organic 86 
components, increasing their mobility and providing higher resolution NMR data. A goal of 87 
this study was to advance our understanding of the compositions and aspects of the structures 88 
of HU materials.   89 
2. Material and Methods 90 
2.1. Sampling 91 
Galway Bay is located in the West of Ireland where the Atlantic Ocean receives a fresh water 92 
input from the River Corrib (Fig. 1). Cumulative samples were taken from the top and bottom 93 
100 cm of the cores (to provide sufficient sediment for OM extraction). The average age of 94 
the samples (Table 1) are used to indicate the approximate age of the OM. 95 
2.2. Sample preparation 96 
Four sub-samples were prepared from the bulk sediment: (i), a whole (unextracted) clay-sized 97 
fraction sample (clay); (ii), a (unextracted) demineralised (using 10% HF) clay-sized fraction 98 
(DCF); (iii), a DMSO-H2SO4-soluble HU (SHU); and (iv), a DMSO-insoluble HU (IHU). 99 
 The clay-sized fraction was isolated via wet sieving and sedimentation (particles < 100 
2µm). The DCF samples were demineralised (10% HF). 101 
To isolate the SHU and IHU, HSs were exhaustively extracted from the sediments 102 
(see Mylotte et al., 2014). The SHU was isolated, from the clay-sized fraction of the 103 
sediment, using DMSO-H2SO4 (94:6 v/v; method available in Song et al., 2011). The 104 
remaining solids following the SHU extraction were demineralised (10% HF) to recover the 105 
IHU.  106 
2.3. Elemental and ash analysis 107 
Elemental compositions (C, H, N) of the organic materials were determined using an 108 
Elemental Vario el Cube Analyser (Table 2). Ash values (Table 2) were measured by heating 109 
samples of known weight to 550 °C.        110 
2.4. NMR analyses  111 
All organic samples were ground, and dried thoroughly in a desiccator under vacuum, using 112 
P2O5 as desiccant. Additional sample preparation was then based on the NMR probe used 113 
(Section 2.4.1). 114 
2.4.1 CMP NMR 115 
Samples (ca. 25mg) were placed in a 4 mm zirconia rotor and filled with DMSO-d6 (75µl) to 116 
both swell the sample and to act as a lock solvent. After mixing with a stainless rod the rotor 117 
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was sealed using a top insert made from Kel-F, a Kel-F sealing screw and a Kel-F cap. All 118 
NMR measurements were carried out at room temperature with a 500 MHz Bruker Avance 119 
III Spectrometer at a spinning speed of 6666 Hz using a prototype CMP MAS 4 mm 
1
H–13C–120 
19
F–2H probe fitted with an actively shielded Z gradient (Bruker BioSpin). Experiments were 121 
locked on DMSO-d6, and the lock was maintained for all experiments, including solid state 122 
experiments. Standard 
1
H NMR spectra were recorded using pre-saturation utilizing 123 
relaxation gradients and echoes (PURGE; Simpson and Brown, 2005). The 90° pulse was 124 
calibrated for each sample. A spectral width of 20 ppm was used, 128 scans were acquired, 125 
and 8 K time domain points. T1 times were measured using the standard inversion recovery 126 
approach and the recycle delay was set at 5 x the measured T1 value (T1 times were measured 127 
at 100 ms for the sample with slowest relaxation, and D1 was set at slightly over 0.5s, which 128 
corresponds to 5 x T1). Spectra were processed using a zero filling factor of 2 and an 129 
exponential function corresponding to a line broadening of 1 Hz in the transformed spectrum. 130 
Diffusion edited proton spectra were carried out using a bipolar pulse pair longitudinal 131 
encode-decode (BPLED) sequence (Wu et al., 1995). When required, presaturation was also 132 
used in combination with diffusion editing to attenuate extremely large water signals from 133 
some samples. This resulted in the area from 3.5-4 ppm being slightly attenuated in certain 134 
cases. Scans (1024) were collected using encoding/decoding gradients of 1.8 ms at 50 135 
gauss/cm and a diffusion time of 180 ms. Inverse diffusion edited (IDE) spectra were created 136 
via difference from the appropriate controls as described by Courtier-Murias et al. (2012). 137 
One dimensional 
13
C NMR spectra were recorded with a spectral width of 400 ppm using 138 
inverse gate decoupling. Scans ranged from 2K- 12K and 16 K time domain points. 
13
C 139 
RAMPed-amplitude cross polarization magic angle spinning (
13
C RAMP CP-MAS) was 140 
acquired with 1024 scans and a 1 ms contact time. T1 times were measured using the standard 141 
inversion recovery approach and the recycle delay set at 5 x the measured T1 value. Spectra 142 
were processed using a zero filling factor of 2 and an exponential function corresponding to a 143 
line broadening of 50 Hz.         144 
 
1
H TOCSY spectra were acquired  in the phase sensitive mode, using a mixing 145 
sequence with rotor synchronized constant adiabatic WURST–2 pulses within an X_M16 146 
mixing scheme (Peti et al., 2000). Scans (512) were collected for each of the 128 increments 147 
in the F1 dimension and 2048 data points were collected in F2; the mixing time was 100 ms. 148 
Both dimensions were processed using sine-squared functions with a π/2 phase shift and a 149 
zero filling factor of 2. 2D NOESY spectra were acquired in phase sensitive mode, using time 150 
proportional phase incrementation; 256 scans and 2048 data points were collected for each of 151 
the 196 increments in the F1 dimension at a mixing time of 200 ms. Both dimensions were 152 
processed using sine-squared functions with a π/2 phase shift and a zero filling factor of 2. 153 
 
1
H–13C HSQC spectra were collected in phase sensitive mode using Echo/Antiecho-154 
TPPI gradient selection. Scans (1400) were collected for each of the 128 increments in the F1 155 
dimension; 1024 data points were collected in F2 and a 
1
J 
1
H–13C of 145 Hz. F2 was 156 
processed using an exponential function corresponding to a 15 Hz line broadening in the 157 
transformed spectrum, whereas F1 was processed using a sine-squared function with a π/2 158 
phase shift. Both dimensions were processed with a zero filling factor of 2.  159 
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2.4.2. Solid state NMR 160 
Samples were also subjected to Cross Polarisation-Magic Angle Spinning (CP-MAS) analysis 161 
in the dry state (no DMSO added). Note: that this dry solid analysis could also have been 162 
carried out using a CMP-NMR probe (the CMP-NMR probe was not used due to scheduling 163 
and time constraints). A 4 mm BB 
1
H–X probe was used. Samples (ca. 50 mg for SHU and 164 
IHU, 70-120 mg for DCF and clay (note the variability in weight reflects the “packed 165 
density” of the various materials into the NMR rotors) were placed directly in the 4 mm 166 
zirconium rotors and sealed with Kel-F caps. 
13
C RAMP CP-MAS) was carried out with 167 
4096-80920 scans (dependent on the S/N ratio per unit time from each sample). In general, 168 
the well fractionated samples with high OC content were run for fewer scans and the clay 169 
(non-HF treated) sample was run for the longest time. All data were acquired with a 1 ms 170 
contact time and a spinning speed of 13 KHz. T1 times were measured using the standard 171 
inversion recovery approach and the recycle delay was set at 5 x the measured T1 value. 172 
Spectra were processed using a zero filling factor of 2 and an exponential function 173 
corresponding to a line broadening of 50 Hz. 174 
3. Results 175 
3.1. 
1
H NMR 176 
Three different 
1
H spectra were obtained (Fig. 2) showing: (a), the conventional 
1
H NMR 177 
spectrum; (b), the inverse diffusion edited (IDE) NMR spectrum, and (c), the diffusion edited 178 
(DE) NMR spectrum. 
1
H NMR allows detection of both mobile (e.g. dissolved species) and 179 
gel-like components (e.g. swollen biopolymers) in the same sample. However, due to strong 180 
1
H-
1
H dipoles that form in the solid state, 
1
H NMR (at least as employed here) will not detect 181 
true solids. The detection of true solid components was achieved using CP-MAS 
13
C NMR 182 
(discussed below). 
1
H NMR therefore provided an overview of the swellable material and the 183 
soluble material in the samples. IDE provides a sub-spectrum which highlights the most 184 
mobile molecules that exhibit unrestricted self diffusion, i.e. molecules in solution. The DE 185 
experiment provides a spectrum of molecules that are not free to diffuse (i.e. gel-like 186 
materials and swollen biopolymers). From here on, IDE refers to the small, mobile molecules 187 
and DE to the gel-like material.  188 
 The conventional 
1
H spectrum (Fig. 2a) shows that the main signals from the SHU 189 
sample arose from aliphatic methylene (CH2)n at 1.2 ppm. There is also a disproportionately 190 
large contribution from CH3 (0.8 ppm), some of which arises from hydrocarbon, with the 191 
remainder attributed to the terminal methyl group in amino acid side chains, a phenomenon 192 
commonly seen in soils (Simpson et al., 2007a). In comparison with the large aliphatic peaks 193 
that dominate the spectrum, other resonances were difficult to resolve from the baseline. The 194 
fraction of (CH2)n that is mobile and able to diffuse is shown in Fig. 2b; the CH3 groups arise 195 
in part from macromolecular or gel-like structures as these are greatly attenuated in the 196 
spectrum. The DMSO peak (ca. 2.5 ppm) is strongest in the IDE spectrum (Fig. 2b) due to 197 
the inherent mobility of the solvent. The gel-like components and macromolecules are 198 
emphasized in Fig. 2c. In addition to the dominant aliphatic signals, resonances characteristic 199 
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of carbohydrates and peptides are also apparent. These resonances are more difficult to 200 
discern in the conventional 
1
H spectrum (Fig. 2a) but are emphasized by DE (Fig. 2c). When 201 
the DE spectrum is further expanded a profile similar to that of a protein becomes evident 202 
(Fig. 3). 203 
 The DE 
1
H spectrum of the SHU sample is stacked with the 
1
H spectrum for albumin, 204 
a well studied globular protein (Fig. 3). The resonances in the aromatic amino acid region of 205 
albumin are especially similar for SHU, consistent with the presence of the aromatic amino 206 
acids, phenylalanine and tyrosine. The large CH3 peak in the albumin indicates that proteins 207 
strongly contribute to the CH3 resonances in the 
1
H spectrum of SHU (Fig. 2c). These protein 208 
resonances correspond with a large N content in SHU top (Table 2). A more in-depth 209 
investigation of the SHU could be achieved by looking at the 
1
H-
1
H and 
1
H-
13
C 210 
connectivities, made possible using 2D NMR experiments. 211 
3.2. 2D NMR 212 
The HSQC spectrum allowed a more precise assignment of the compositions of SHU. 213 
Detailed 2D NMR assignments have been provided in the literature (Kelleher and Simpson, 214 
2006; Simpson et al., 2007b, 2011). In agreement with the 1D spectra, aliphatic hydrocarbon 215 
cross-peaks dominate the HSQC (Fig. 4A, region 1). The presence of protein, observable in 216 
the 1D 
1
H NMR spectra (Fig. 2c and Fig. 3), is confirmed in the HSQC by the identification 217 
of amino acids and α-protons from peptides (Fig. 4A, regions 4 and 7). Carbohydrates are 218 
assigned from the presence of signals from CH, CH2 and anomeric protons (Fig. 4A, regions 219 
2, 3 and 5). The HSQC confirms that the ‘hump’ in the 1D 1H NMR between 3 and 4 ppm 220 
arises predominately from carbohydrate signals (Fig. 2c) with the α-protons from peptide 221 
superimposed on the left hand side, with an apex from ca. 4 - 4.7 ppm. There are cross peaks 222 
in the HSQC from double bonds, which indicate the presence of unsaturated aliphatic 223 
compounds. Such compounds are present in both microbial lipids and components derived 224 
from plant cuticles (Simpson et al., 2003, 2007a). The aliphatic region of the HSQC is 225 
complex, with many overlapping resonances (Fig. 4A); therefore, the spectrum was expanded 226 
(Fig. 4B) to discern a range of additional aliphatic resonances. Contour levels are intense for 227 
the aliphatic CH2 due to the significant contribution of methylene to the HU composition. 228 
Contour levels are also well defined for the CH3 attributable to amino acids and aliphatic 229 
hydrocarbons. There is a relatively weak O-CH3 resonance (Fig. 4A, 8) attributable to lignin; 230 
α-protons from amino acids resonate in proximity.    Amino acid cross 231 
peaks are clearly visible in NOESY (Fig. 5) with strong resonances between 1 - 5 ppm and 7 232 
- 8 ppm. This region arises from correlations between amide (8 - 8.2 ppm), the α-protons in 233 
peptide (4 - 4.7 ppm), and various amino acid side chains (1.5 - 2 ppm). There are also small 234 
but key lignin resonances in region 2 of the spectrum (Fig. 5); these arise from the OCH3 235 
group of lignin bonded to the aromatic protons (Simpson, 2001). The overlap of signals in 236 
regions 4 and 5 makes additional structural interpretation from the NOESY difficult. 237 
Therefore, the TOCSY NMR experiment has provided additional useful information from 238 
these spectral regions.   239 
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 Consistent with all other NMR experiments on (Core 1 top) SHU, the aromatic 240 
resonances in TOCSY are relatively weak (Fig. 6A, region 1). There are overlapping 241 
resonances from protons associated with sugars, and amino acids (region 2) and from 242 
hydrocarbons and amino acid side chains (region 4 and 5). It is difficult to confidently assign 243 
structures because of the proximity of the resonances. However, by taking a slice through the 244 
main chain (CH2)n resonance aliphatic region, a more in-depth observation of the 245 
hydrocarbon composition is obtained (Fig. 6B). This slice shows all the functionalities 246 
primarily associated with long chain hydrocarbons in the sample. Resonances shown in the 247 
slice are consistent with those identified in cutin/cutan by Deshmukh et al. (2005; Fig. 6B 1, 248 
2, 3) and/or biological lipids (Simpson et al., 2007a).   249 
3.3. Solid and swollen state 
13
C NMR 250 
13
C CP-MAS NMR experiments were carried out both with the dry state and in the swollen 251 
state (swelling with DMSO). CP-MAS of the dry sample gives an overview of all the C 252 
functionalities in a sample, whereas the swollen state should emphasize the domains that 253 
cannot be accessed by the solvent.  254 
The clay sample was run only in the solid dried state (Fig. 7A) as it was predicted that 255 
a useful S/N could not be obtained for the swollen state (using the CMP probe; Masoom et 256 
al., 2013) in a meaningful timeframe because of the high ash content of the sample (Table 2), 257 
and the presence of paramagnetic minerals. Despite the low S/N (80 K scans) the resolution 258 
of the dry state spectrum is sufficient to show that the profile of the C distribution in the clay 259 
broadly matches those for the HUs and DCF. The clay sample has a significant carbohydrate 260 
peak (O-alkyl region, Fig. 7A).  261 
The DCF sample (in the dry state) has the largest resonance for carbohydrate and also 262 
has a clear protein resonance (Fig. 7A). The carbohydrate resonance is smaller (ca. 25%) in 263 
the HU fractions (SHU and IHU, Fig. 7A) when compared with DCF (33.5%, Table 3) as 264 
labile sugars (carbohydrates) are readily degraded by microbes (Volk et al., 1997; Amon et 265 
al., 2001; Kalbitz et al., 2003). The DCF sample retains its strong carbohydrate signal in the 266 
swollen state spectrum (Fig. 7B); this would suggest the possible presence of crystalline 267 
cellulose or of large carbohydrate domains that cannot be completely penetrated by the 268 
solvent. The peaks at 30 ppm and 33 ppm (Fig 7A, 7B) are assigned as amorphous and 269 
ordered (CH2)n; the main components of waxes, lipids (including lipoprotein), cutin/cutan, 270 
suberin/suberan, and fatty acids/esters (Song et al., 2008). Carboxlyates and aromatic 271 
components are attenuated in the swollen state spectrum as these can interact with DMSO 272 
and gain mobility (Fig. 7B). The 165-185 ppm region (Fig. 7B) can be attributed to carboxyl 273 
(in long chain lipids/fatty acids) and/or esters (present in cutan/algaenan) and amide 274 
(peptides).  275 
The IHU has a resonance for ordered (CH2)n (Fig. 7A) that is larger relative to that for 276 
the amorphous species (in the dry state). This can be shown definitively by comparing the 277 
spectra after swelling in DMSO (Fig. 7B). The order of the structure impedes the access of 278 
the extraction solvent. This is an example of how the physical form of a material may play an 279 
important role for its sequestration and accumulation in the terrestrial environment.  280 
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After swelling, spectra are better resolved; the CH3 resonance is better defined, 281 
whereas in the dry state it is present as a shoulder on the CH2 peak (Fig. 7A). There is a large 282 
‘hump’ in the 50-60 ppm region of the solid state spectrum (Fig. 7A) due to overlapping of 283 
signals from peptides and OCH3. Two resonances are evident in the 50-65 ppm resonance in 284 
the DCF swollen state spectra (Fig. 7B).  285 
3.4. Comparison of HU fractions using 1D 
1
H and 
13
C NMR 286 
The SHU (top and bottom) isolates from Core 4 have aliphatic hydrocarbon resonance 287 
intensities that are well defined, and the amorphous (CH2)n resonances dominate (Fig.8A). 288 
Resonances centered at 70 ppm are likely to represent carbohydrate structures and this 289 
assignment is supported by the presence of a weak anomeric C resonance (105 ppm). These 290 
resonances at 70 ppm could also be from alkyl-OH structures, such as those found in cutan.  291 
The IHU isolates from Core 1 (top and bottom) have clear resonances in the 292 
carbohydrate and anomeric C regions, and also have strong broad aromatic resonances 293 
centered around 125 ppm, indicative of plant OM (Fig.8B). The evidence for carbohydrate is 294 
less convincing for Core 4 IHU (top and bottom) isolates as the anomeric C at 105 ppm is not 295 
defined. Integration of the spectra shows the lowest concentrations of carbohydrate are in 296 
Core 4 bottom IHU isolates (Table 3). 297 
Aromatic resonances are most prominent for the Core 4 IHUs (Fig. 8B). These (120-298 
150 ppm) could suggest contributions from plant biomolecules, and/or peptides with aryl 299 
functionalities. The resonances between 140 and 150 ppm, and that at 56 ppm (OCH3) are 300 
suggestive of lignin (most prominent in Core 1 bottom, and Core 4 top and bottom) indicating 301 
inputs from terrestrial sources. This corresponds with a higher C/N ratio relative to the 302 
younger IHU in surface sediments from Core 1 top (Table 2).    303 
 Core 1 bottom SHU isolate has a CH3 resonance that is large relative to the (CH2)n 304 
resonance (Fig 9A); a proportion of this may be attributable to the terminal CH3 group of 305 
amino acids. Protein resonances are lost in the baseline of the conventional NMR spectra 306 
(Fig. 9A), but are clearly evident in the DE spectra (Fig. 9B). The DE spectrum Core 1 307 
bottom SHU has similarities to that from cultured microbes (Simpson et al., 2007a), as 308 
demonstrated in Fig. 10. There are strong similarities in the amide, aromatic amino acids, 309 
amino acid side chain, α-protons from peptides, lipoprotein, (CH2)n and CH3 chemical shift 310 
regions of both spectra (3.5 – 4 ppm is attenuated in the SHU spectrum due to the suppression 311 
of the water signal, see the experimental section).The conventional 
1
H spectra (Fig. 9A) show 312 
signals that could be from lipoprotein (2.25ppm) and from peptidoglycan (a shoulder on the 313 
large aliphatic peak at ca. 1.5 ppm), in all four samples (especially Core 4 SHU isolates). 314 
These molecules have some molecular mobility and such biological molecules are found in 315 
microbial cell walls.  316 
4. Discussion 317 
Macromolecules produce complex spectra; therefore, a number of NMR techniques were 318 
used to understand the composition of the natural OM (NOM, both labile and recalcitrant 319 
components) in sediments from an estuarine environment. 320 
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4.1. Aliphatic hydrocarbons 321 
As shown in previous studies (e.g. Rice, 2001; Simpson et al., 2007a), the HU fraction is 322 
composed mainly of functionalities with aliphatic hydrocarbon structural components. In 323 
agreement, our HU isolates show strong aliphatic signals in all NMR experiments. The 324 
TOCSY experiment (Fig. 6B) has shown proton resonances similar to those identified in the 325 
cuticular components found in higher plants, and the 
13
C NMR of the HU samples (Fig. 8A, 326 
B) has alkyl-OH species, possibly attributable to those found in cutan (Deshmukh et al., 327 
2005). Cuticular lipids are highly resistant to degradation in the environment and 328 
subsequently form part of the long term C sink. The recalcitrance of biopolymers such as 329 
cutan, suberan and algaenan can be attributed to their ordered structures and their ether 330 
functionality cross linking. Hatcher and Clifford (1997) found that the structure of cutan 331 
includes a cellulosic backbone to which long chain aliphatic hydrocarbon structures are 332 
linked through ether bonds. This cutan-cellulose linkage may explain the persistence of the 333 
carbohydrate signal in SHU and IHU. Additionally, aliphatic compositions of the HU fraction 334 
can be attributed to inputs of biological lipids from microbial cells, as evidenced in Fig. 10. 335 
4.2. Protein and carbohydrate 336 
Carbohydrate and protein signals arise from rigid, macromolecules (Fig. 2c, Fig. 9B). Their 337 
incorporation into the HU fractions indicates that these biomolecules are preserved long term 338 
in the sedimentary OC pool. Carbohydrates account for a large fraction of the DCF sample 339 
(Fig. 7A, B); however, these are significantly degraded or transformed in the HU fraction. 340 
Protective mechanisms, such as: (i), being part of the cutan structure; (ii), physical protection 341 
provided by clay minerals; (iii), or inclusion and associations with lipid material must 342 
account for the retention of the carbohydrate. There is much evidence in the 
13
C NMR to 343 
suggest the presence of cellulose (63, 65, 84, 89 ppm) in IHU and SHU (Fig. 7; Albrecht et 344 
al., 2008; Conte et al. 2010).        345 
Microbes mineralise the majority of the N components in decomposing biomass, and 346 
the remainder form part of the sedimentary OM (Hsu and Hatcher, 2005). Microbial and 347 
marine biomass are the main sources of N-containing compounds for the OM. 2D NOESY 348 
also confirmed the presence of aromatic amino acids and α-protons in peptides. Marine 349 
biomass has significant N contents, with protein accounting for up to 30% of the composition 350 
of phytoplankton (Romankevitch, 1984; Rullkötter, 2006). Cellular debris makes a large 351 
contribution to HU (Kelleher and Simpson 2006; Song et al., 2011) and the OM samples had 352 
resonances for peptidoglycan and lipoproteins (Fig. 9A), and the HU spectrum had 353 
similarities to that of fresh microbes (Fig. 10).  354 
4.3. Aromatics/lignin  355 
All the NMR experiments have shown that the OM samples have small contributions from 356 
aromatic functionalities. The majority of the aromatic signals are likely to arise from aromatic 357 
amino acids (strong resonances in the NOESY spectrum) and from resistant plant 358 
biopolymers with aryl functionalities. The HU fractions from the base of both cores indicate a 359 
greater lignin input (Fig. 8) compared to surface samples. The CMP probe has made it 360 
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possible to clearly see evidence for OCH3 in the IHU of Core 4 bottom (Fig. 8B). There are 361 
small guaiacyl (147 ppm) and syringyl (153 ppm) peaks in Core 1 bottom IHU and in Core 4 362 
bottom IHU (Fig. 8B). Their presence, coupled with strong aromatic resonances (ca. 125 363 
ppm) suggests greater terrestrial input to the environment, ca. 9400 yr BP.  364 
4.4. 
13
C CP-MAS in the dry vs. swollen state  365 
There are broadly similar C distributions in all the fractions (Fig. 7A) from Core 1 top. The C 366 
distribution in the clay matches that of the HUs and the DCF, suggesting that little alteration 367 
is introduced by sample pre-treatment or extraction. The 
13
C NMR spectra for DCF (Fig. 7A, 368 
7B) have good resolution relative to those for the clay sample, and the S/N is sufficient to 369 
allow for OM to be studied in its natural state. Careful removal of silicates, paramagnetics 370 
(Fe) and other metal impurities (e.g. Al, Ca, Mg) could enable high resolution multiphase and 371 
2D NMR experiments without sample pre-treatment or extraction.  372 
Changes observed in the OM compositions of the clay and the DCF samples when 373 
compared to the HU samples can be related to protection. Carbohydrate material in the HUs 374 
is greatly decreased when compared with the contents in the DCF because labile sugar 375 
components are utilised as an energy source by organisms. The survival of resonances in the 376 
swollen state 
13
C spectra is attributable to highly ordered structures that the DMSO solvent 377 
cannot penetrate; the largest resonances were in the IHU. The ordered nature contributes to 378 
the recalcitrance of these fractions in the environment and can confer hydrophobic domains. 379 
Hu et al. (1999) suggest that highly ordered domains are challenging for chemicals and 380 
enzymes to penetrate. Another factor contributing to the insolubility of HU fractions are the 381 
lesser amounts of carboxyl groups. The acidic functional groups are less prominent in the 382 
HUs than in the DCF. Resonances between 160 and 180 ppm in the HUs are more likely to 383 
be from ester and amide functionalities.        384 
 The amorphous (CH2)n present in the swollen spectra (Fig. 7B) could be highly dense 385 
and cross linked, making it difficult for solvent/microbes to access (Deshmukh et al., 2003). 386 
The (CH2)n species that remain solid, even in the presence of DMSO (Fig. 7B), may be a key 387 
to the recalcitrant nature of the OM in the environment. 388 
The SHU and IHU spectra (Fig. 7A) are remarkably similar despite the different 389 
isolation methods used. This highlights the benefit of using the DMSO-H2SO4 extraction 390 
method instead of the HF method as the isolates from the two extraction processes are 391 
effectively the same.  392 
The major resonances in the 
13
C NMR spectra of the IHU in the solid and in the 393 
swollen states were similar. IHU is likely to be more macromolecular because soluble, labile 394 
compounds would have been removed in the extraction solvent. Carbohydrate and acidic 395 
functional groups signals are decreased (in the swollen state) on swelling as their molecular 396 
mobility is increased thorough contact with DMSO-d6. Some carbohydrate signals remain, 397 
possibly due to the presence of crystalline cellulose, or possibly to the presence of large 398 
fragments of cellulose, from algae and higher plants, that cannot be fully swollen.   399 
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4.5. Traditional considerations of organic preservation in the environment 400 
As evident from the data presented, a comparison between the HUs and the DCF samples 401 
indicates that certain biomolecules are degraded quickly in the environment, whereas some 402 
molecules are retained and concentrated in the long term C sink (Fig. 7A). Protein, 403 
originating mainly from microbial biomass, makes an important contribution to the 404 
recalcitrant OC material sequestered in the environment, as evidenced in Fig. 3 and Fig. 10. 405 
Microbial debris has been shown to survive in sediments for very long periods of time 406 
(Parkes et al., 2005).           407 
 A number of suggestions have been put forward for the selective preservation of 408 
biomolecules. The hydrocarbon ((CH2)n - CH3) functionalities are inherently recalcitrant due 409 
to their structure and hydrophobicity (Piccolo et al., 1999; Spaccini et al., 2002), especially in 410 
highly ordered structures. However, it is evident that amorphous molecules are also 411 
preserved. Physical protection, encapsulation, and the formation of covalent and non-covalent 412 
bonds are prominent methods accepted for biomolecule retention. Peptides have been shown 413 
to become encapsulated (hydrophobic and non-covalent associations) within the OM in 414 
sedimentary environments (Knicker and Hatcher, 1997; Nguyen and Harvey, 2001; Hsu and 415 
Hatcher, 2005; 2006). Physical protection has been attributed to organo-mineral associations 416 
(McLaren, 1954; Keil et al., 1994; Mayer, 1994; Hedges and Keil, 1995; Hsu and Hatcher, 417 
2005). Labelled 
15
N peptides have been shown to have the ability to form strong covalent and 418 
non-covalent interactions with HAs, confirming that proteinaceous material can be 419 
incorporated into HSs (Hsu and Hatcher, 2006). These protection methods could explain the 420 
retention of proteins and carbohydrates in the HU fractions. Alternatively, preservation inside 421 
living or dead cells could also explain the abundance of these materials in the HU fractions. 422 
5. Conclusions 423 
A combination of extracts and of clay-sized fraction samples were studied using solid phase 424 
NMR and CMP-NMR. Studies of fractionated samples provide more detailed 425 
structural/compositional information and higher spectral resolution, while CMP-NMR of 426 
samples in their native state provides an insight into a material without chemical and physical 427 
perturbation. Due to the ability of CMP-NMR to access and differentiate all components in 428 
the natural state, the technique has widespread applications in the environmental, biological 429 
and medical fields.  430 
Studies of the combination of the unfractionated and fractionated samples have shown 431 
that recalcitrant OM in estuarine sediments is composed predominately of methylene 432 
moieties, which contribute to the persistence of organic material in the environment. The 433 
study has shown that protein makes a significant contribution to the HU.  434 
 Extraction and fractionation has been shown to be beneficial because it does not 435 
create alterations of the C functionalities, it greatly improves the NMR sensitivity, and it 436 
gives greater resolution in less time. The similarity of SHU and IHU indicates that it is 437 
sufficient to use the DMSO-H2SO4 medium to study HU, and HF at low concentrations may 438 
be used to minimize ash in the sample.        439 
 The unextracted demineralised clay-sized fraction (DCF) provided good indications 440 
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of the total organic composition of the sediments in their natural state. The approach, coupled 441 
with improved removal of inorganic impurities, should reduce the time required for sample 442 
preparation and help provide insights into OM retained in C sinks.  443 
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Figures 
 
Fig. 1. Map of Galway Bay, Ireland.  The sampling locations are indicated for Core 1 and 
Core 4. 
Fig. 2. 
1
H NMR spectroscopy of SHU from Core 1 top. (a) is the conventional spectrum 
showing all 
1
H resonances, (b) the IDE spectrum showing 
1
H resonances from the mobile/fast 
diffusing molecules, (c) the DE spectrum showing 
1
H resonances from molecules with 
restricted diffusion (swollen material and gels). 
Fig. 3. 
1
H NMR spectrum of albumin and DE 
1
H NMR spectrum of SHU from Core 1 top. 
Assignments are (1) amide in peptides, (2) aromatic amino acids ( , phenylalanine; , 
tyrosine), (3) α-proton (peptides), (4) O-Aromatics (MeO signal in humin), (5) DMSO 
(solvent), (6) methylene adjacent to a carbonyl (R2-OCO-CH2-R1, some may be in the form 
of lipoprotein, thus R2 would be a protein), (7) aliphatic methylene units γ to an acid or ester, 
(8) amino acid side chains, (9) aliphatic methylene (CH2)n, (10) CH3 (Simpson et al., 2011).  
Fig. 4. HSQC 2D NMR spectra of Core 1 top SHU.  
A, Whole view of HSQC 2D experiment. Assignments : (1), Aliphatic CH2 and CH3, 
including signals from various hydrocarbons, and protein side-chains; (2), CH2 from 
carbohydrate; (3), CH in carbohydrate; (4), α-protons in peptides; (5), anomeric protons in 
carbohydrates; (6), HC=CH; (7), amino acids (Phe and Tyr); (8) OCH3 from lignin.  
B, Zoom of aliphatic region of HSQC. Assignments: (1), CH3 from amino acid side chains 
and terminal hydrocarbon groups; (2), aliphatic methylene to an acid or ester; (3), methylene 
unit β to an acid or ester; (4), (CH2)n; (5), methylene unit adjacent to carbonyl in lipids; (6), 
DMSO. 
Fig. 5. NOESY of Core 1 top SHU. Assignments: (1) Amino acids; (2), lignin-aromatics 
(methoxyl-aromatic interactions); (3), lignin aromatic structures (interactions between 
aromatic protons); (4), methylene and methyl units (bonded to amino acids, and hydrocarbon 
structures); (5), mixture of long chain aliphatics and protein signals (Simpson et al., 2002; 
2011). 
Fig. 6. TOCSY of Core 1 top SHU.  
A, Whole view of TOCSY 2D experiment. Assignments: (1), Aromatics; (2), sugars, methine 
units bridging lignin aromatics, amino acids (α-β couplings);  (3), methylene units adjacent to 
ethers, esters, and hydroxyls in aliphatic chains, amino acids (α-β-γ couplings); (4), 
methylene in aliphatic chains; (5), CH3 units in amino acids and aliphatic chains. (Simpson et 
al., 2002).  
B, 
1
H slice through the aliphatic region of the TOCSY spectrum. Assignments: (1) H attached 
to O side of an ester; (2), methylene α to H in primary alcohols; (3), methylene bonded to (a) 
free fatty acids and (b) C=O side of an ester (Deshmukh et al., 2005).  
 
Figure
Fig. 7. 
13
C NMR spectroscopy of Core 1 top 
A, CP-MAS solid state NMR spectroscopy of SHU, IHU, DCF and clay-sized fraction (clay) 
(number of scans  SHU and IHU, 4K; DCF, 16; clay 80K).  
B, CMP 
13
C NMR spectroscopy of SHU, IHU and DCF (all samples 32K scans).  
Fig. 8. 
13
C CPMAS NMR spectroscopy of HUs isolated from different locations from the top 
and base of two cores with different locations in Galway Bay (Core 1 and Core 4).  
A, SHUs from Core 1 and Core 4;  
B, IHUs from Core 1 and Core 4. 
Fig. 9. 
1
H NMR spectra of soluble SHUs from Core 1 and Core 4. A, conventional 
1
H 
spectra; B, 
1
H spectra from the rigid macromolecules (DE spectra). 
Fig. 10. 
1
H DE spectra of microbes and Core 1 bottom SHU. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 
 
Figure 1 
 
 
 
Figure 2 
 
 
 Figure 3 
 
 
 
Figure 4 
 
 Figure 5 
 
 
Figure 6  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 7  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 
SHU IHU 
Dry 
13
C NMR Swollen 
13
C NMR 
Figure 9 
 
 
 
 
 
Figure 10 
 
 
Tables 
Table 1  
Coring location, sea depth and age of sediments from Core 1 and Core 4. 
 
Table 2 
Elemental composition, C/N ratios and ash compositions of the clay, the  demineralised clay-
sized fraction (DCF), the insoluble humin (IHU), and the soluble humin (SHU) from Core 1 
and Core 4. 
 
Table 3 
Integrated area of resonances from solid state 
13
C NMR of soluble humin (SHU), insoluble 
humin (IHU), demineralised clay-sized fraction (DCF) and clay-sized fraction (clay) from 
Core 1 and Core 4. 
 
Table 1 
Co-ordinates 
Sea 
Depth 
(m) 
Name 
Sampling Depth 
in Core for 
radiocarbon dating 
Marine Calibrated 
Age Range  (cal BP) 
Average 
age 
(yr BP) 
53
o 15’22.21’N 
09
o 02’14.4’W 
 
Core 1 
Top 
6 cm 89-280 
2260 11.2 38 cm 224-467 
 67 cm 6099-6411 
 
Core 1 
Bottom 
465 cm 9562-9980 9770 
53
o14’15.44’N 
09
 
o05’21.54’W 
 Core 4 
Top 
17 cm 8889-9249 
9200 
13.5 56 cm 9127-9524 
 
Core 4 
Bottom 
450 cm 9296-9598 9450 
 
Table 2 
Core Name Sample 
N 
%  
C 
% 
H 
% 
S 
% 
Ash 
 % 
C/N 
Core 1 top 
Clay 
2.35 25.75 3.12 6.96 80 10.96 
Core 1 bottom  0.65 7.24 1.35 6.61 90 11.14 
Core 4 top  1.03 9.60 1.62 1.40 85 9.32 
Core 4 bottom  0.55 5.81 1.19 6.23 90 10.56 
Core 1 top 
DCF 
- - - - 32 - 
Core 1 bottom - - - - 73 - 
Core 4 top - - - - 69 - 
Core 4 bottom - - - - 76 - 
Core 1 top  
IHU 
2.32 24.63 2.57 16.66 41 10.62 
Core 1 bottom 1.71 21.68 2.22 9.41 54 12.68 
Core 4 top 0.96 10.83 1.38 12.10 61 11.28 
Core 4 bottom 0.68 8.20 0.98 19.88 68 12.06 
Core 1 top 
SHU 
4.29 53.71 7.46 - 23 12.52 
Core 1 bottom 4.90 59.33 7.56 - 30 12.11 
Table
Table 3 
 0-50 ppm 60-96 ppm 96-108 ppm 108-162 ppm 162-190 ppm 
Core 1 top SHU 59.50 26.14 2.17 8.02 4.18 
Core 1 top IHU 57.46 24.42 1.95 11.37 4.81 
Core 1 top DCF 44.10 33.48 4.42 11.21 6.79 
Core 1 top clay 38.56 26.74 3.56 20.14 11.00 
Core 1 bottom SHU 55.39 22.79 2.49 13.60 5.73 
Core 1 bottom IHU 46.94 23.85 2.01 19.49 7.72 
Core 1 bottom DCF 48.74 30.55 3.29 12.74 4.69 
Core 1 bottom clay 33.61 25.50 4.63 26.05 10.23 
Core 4 top SHU 50.09 25.67 2.58 14.04 7.61 
Core 4 top IHU 50.36 13.70 1.50 26.68 7.77 
Core 4 top DCF 48.42 20.45 2.68 22.68 5.78 
Core 4 top clay 36.29 28.63 3.98 20.38 10.72 
Core 4 bottom SHU 51.83 22.04 2.55 17.44 6.14 
Core 4 bottom  IHU 38.69 16.53 2.59 35.08 7.11 
Core 4 bottom DCF 51.20 26.30 3.36 14.21 4.93 
Core 4 bottom clay 40.23 24.50 3.97 24.07 7.23 
 
 
 
Reviewers' comments: 
 
 
Reviewer #1: The authors present a detailed, NMR-based study of the 
structure of humin, a highly recalcitrant fraction of natural organic 
matter that has received significantly less attention than other forms 
of geologic organic material, such as humic and fulvic acids and 
kerogen. The study involved samples from a core collected in Galway 
Bay, Ireland, and are expected to contain a mixture of terrestrial, 
lake and marine sourced NOM. In this work, the authors applied a 
variety of proton and carbon-13 NMR methods to samples following 
various fractionation methods and in various states (solid, gel) to 
obtain a comprehensive assessment of humin from this study site. 
 
I found this to be a very compelling study of an important and poorly 
understood form of NOM. The manuscript is well written, the methods 
are appropriate and the results and their interpretation appear to be 
sound. The paper is organized in accordance with journal guidelines. 
 
My recommendation is that the article be ACCEPTED with minor 
revisions. I also have a few minor comments and suggestions for 
changes, listed below: 
 
Title: 
Consider changing "carbon" to "matter". 
This change has been made. 
 
Introduction: 
Lines 36-37: Do you have a specific reference for your statement of 
about DMSO extraction and highly recalcitrant humin?  
A reference has now been included (Song et al., 2008) 
 
Line 38: I suggest you add some sort of introductory sentence to the 
beginning of this paragraph providing the reader with some information 
on the site you're studying and why it was selected before jumping 
into what you anticipate the organic matter sources to be. 
This has been included (line 38-39): 
The sediment coring location was chosen due to its geographical 
location; it is in proximity to the main land of Ireland, and the 
aquatic environment is described as brackish. 
*Response to Reviewers
 Material and Methods: 
 
Section 2.4.1, line 135: Insert "spectra" after "edited" and change 
"was" to "were". 
This change has been made 
 
Section 2.4.2, lines 160-161: Why is it important that these 
measurements could have been done with the CMP probe? Why weren't the 
measurements done this way? 
 
It is mentioned so that the reader is aware that the CMP probe can do 
these experiments but we did them using a solid state probe due to 
time constraints. 
 
This is included in the manuscript (line 164-165): 
the CMP-NMR probe was not used due to scheduling and time constraints 
 
Results 
Section 3.4, line 288: Insert "those" after "such as". 
This change has been made. 
 
Discussion 
Section 4.4, lines 386-388: What benefits do these results highlight?  
 
This has been rephrased to make the benefit of the DMSO-H2SO4 
extraction more clear (line 390): 
The SHU and IHU spectra (Fig. 7A) are remarkably similar despite 
different isolation methods used. This highlights the benefit of using 
the DMSO-H2SO4 extraction method instead of the HF method as the 
isolates from the two extraction processes are effectively the same.  
Section 4.5, line 412: Is it settled that mineral associations provide 
protection to organic matter? This seems like too strong a statement - 
consider changing "is provided by" to "has been attributed to" 
This change has been made. 
 
Conclusions 
Line 429: change "compounds" to "moieties". 
 
This change has been made. 
 
Reviewer #2: General Comments 
The manuscript is well written and provides new information. It seems 
a bit long for the new information that it does provide. I encourage 
the authors to condense the "Results" and "Discussion" sections to 
make them more concise and to the point. 
 
Specific Comments 
Lines 36-37. This statement needs further explanation and 
justification. It does not immediately follow from the cited 
references. 
This statement has been removed as it is ancillary information. 
 
Lines 44-47. Again, this statement needs further explanation and 
justification. It does not immediately follow from the previous 
discussion.  
This has been clarified as follows: 
The OM in the clay-sized fraction that was not extracted with aqueous-
alkaline or with organic solvents (e.g. clay and the demineralised 
clay sized fraction) is representative of the compositions of the 
entire sedimentary OM in association with the clay. The residue that 
remained following both the aqueous and the organic solvent 
extractions (e.g. soluble and insoluble HU) is representative of 
components that were selectively preserved. 
 
Line 114. Was it really a "zirconium rotor" (i.e., elemental Zr) or 
was it a zirconia rotor (i.e., ZrO2)? 
This typo has been amended to zirconia. 
 
Lines 202-204. The data from the NMR spectra do not provide adequate 
information to make such specific amino acid identifications. Since 
this is a relatively weak inference the word "confirming" should be 
changed to something like "suggesting" or "consistent with" 
 
This has been amended to “consistent with” 
 
